A physically based distributed hydrological model is coupled with an optimization algorithm for joint dam operation to reduce the flood peaks downstream. The decision variables are the release-inflow ratios. The heuristic algorithm seeds different release scenarios attempting to find the most suitable combination. The objective is to reduce the flood peak downstream, and the objective function is to minimize the difference between the simulated and threshold discharges. The latter depends on the purpose of flood management at the basin. Here, it is proposed as the mean discharge during heavy rainfall and is used to start a special dam operation. In order to fulfill the objective function, the reservoirs are expected to release water before the flood event takes place and close the gates during the flood peaks to replenish the released water beforehand. The developed system was applied to the upper Tone River in Japan where the optimal release schedule from two key dams was obtained. The observed weather radar products were input to the hydrological model to simulate the discharge within the river network. Then, the simulated inflows were input to the dam storage functions. The release is routed downstream and the river discharge is evaluated at the control point. The results indicate that the proposed integrated operation can effectively reduce a flood peak suggesting the feasibility of real-time operation in future developments.
Introduction
Extreme events, such as heavy rainfall, usually occur due to large water cycle fluctuations at global and regional scales, while disasters and damages occur at local scale. The Fourth Assessment Report of the Intergovernmental Panel on Climate Change ͑IPCC͒ summarized and projected the trends of precipitation in past and future as follows: "the frequency of heavy precipitation events has increased over most land areas, consistent with warming and observed increases of atmospheric water vapor"; and "it is very likely that heavy precipitation events will continue to become more frequent," respectively ͑IPCC 2007͒. The flood hazards might be intensified due to global warming. This situation is particularly evident in humid regions such as South East Asia, affected by tropical cyclones. Also known as typhoons, they bring expected heavy rainfall good for agriculture but they might turn into extreme flood peaks, causing tremendous disasters in urbanized or cultivated areas. A flood peak can be dramatically reduced by appropriate dam operation assuming that the dam's reservoir capacity is sufficient to attenuate floods. The application of the existing rule curves according to the present water level and inflow conditions has a limitation during these extreme events. The experience and judgment of dam operators is also required to evaluate downstream situation. Therefore, an optimal release system might be very useful to assist dam operators in decision making during extreme events.
The mathematical approaches to face the optimal reservoir operation during the 1960s and 1970s were summarized by Yeh ͑1985͒. It was distinguished mainly into four models: linear, dynamic, nonlinear programming, and simulation. The simulation approach was suggested to be efficient to overcome some limitations of the three former traditional programming methods ͑Wurbs 1993; Chen 2003͒. A couple of decades later Labadie ͑2004͒ reported the benefit of heuristic programming models to optimize reservoir operation systems. For instance, Oliveira and Loucks ͑1997͒ reported the optimization of operating rules for multireservoir systems, taking advantage of genetic algorithm ͑GA͒. Only lately, Chen ͑2003͒ and Ngo et al. ͑2007͒ successfully applied a simulation model with real-coded GA and shuffled complex evolution ͑SCE͒ in Taiwan and Vietnam, respectively. These studies focused on the optimization of the rule curves, but again the dam operators might still require an assistance tool during extreme events. To overcome this lack and expand the application of heuristic algorithms in dam operation, this work attempts the optimal release of a multireservoir system by setting a threshold discharge at a protecting point to reduce flood peaks. Then, the existing rule curves are not the targeted variables to be optimized; instead the release becomes a function of decision variables in event-based approach. Different from later three reports, this study is conceived toward real-time operation using forecast input in future works.
The main goal of the present study is to evaluate the success of a coupled hydrologic-reservoir-optimization scheme for predicting and reducing downstream flood peaks during heavy rainfall. The simulation model chosen is the geomorphologicalbased hydrological model ͑GBHM͒ developed by Yang et al. ͑2002b͒ . A simple mass balance is used for dam network operation. The control problem is solved by the SCE which attempts to find the most suitable value within a feasible parameter space ͑Duan et al. 1992͒. The efficiency and robustness of the SCE has been shown by comparing against a variety of methods ͑e.g., Hogue et al. 2000 , Chen et al. 2005 others͒. This algorithm is well known in hydrology community mainly for parameter estimation of rainfall-runoff models. This work extends the application of the SCE as an integrated reservoir operation during heavy rainfall.
The present paper is divided into six sections. The problem formulation and solution with proposed system is introduced in the "Methods" section. The application in Tone River is presented in the "Application" section. The following section gives the obtained results and discussion, and the last section presents the concluding remarks.
Methods
In this section, the problem is stated and the solution is searched through a combined system. This includes a distributed hydrological model, a dam network operation function, and an optimization algorithm.
Problem Formulation
The optimization problem for the operation of multireservoir system during heavy rainfall is stated as below:
Objective. Minimize the flood peak at the control point downstream by having enough flood volume attenuation at the reservoirs beforehand.
Strategy. Minimize the difference between the simulated Q sim t and threshold discharge Q thre at the control point during the optimization horizon.
Objective Function. Minimize Z the difference of Q sim t and Q thre as
where t = time step of the simulation model and T represents the set of all discrete time steps over the period that the optimization is being performed. Besides the model parameters and input data, the simulated discharge at the control point depends on the release of upper dams as
Optimize. The decision variables index dam are defined as release-inflow ratios. Their upper boundary is set to the maximum observed ratio of outflow to inflow from available records. The lower boundary is set to zero meaning the gates are completely closed.
Constraints. The main dam constraints are the following:
• If the suggested release exceeds the maximum capabilities according to water level, the latter is assigned.
• If the release exceeds the available stored flood volume, then the release is assigned according to the available inflow.
• If water level reaches the maximum, then free overflow is activated according to spillway capabilities. 
Solution Approach
The reported literature ͑Cranmer et al. 2001 , Yang et al. 2004 , Saavedra et al. 2006 , and others͒ has demonstrated that distributed hydrological models fed by radar product inputs can improve the estimation of stream flow. This is an advantage to track spatial variability and calculate the inflow to different reservoirs simultaneously. Due to proven performance and efficiency ͑Yang et al. 2002b͒, the GBHM was selected as a simulation model. The SCE was chosen as optimization algorithm to be combined with the GBHM to solve the formulated problem. In Fig. 1 the present system SCE drives the GBHM seeding different decision variables, defining the release in order to obtain the simulated discharge at the control point. Then, the objective function is evaluated as seen in Eq. ͑1͒. This function requires a threshold discharge Q thre which is introduced to consider the situation downstream in the optimization process. Actually, it suggests the system to start under the presence of a potential flood event.
Then, it can be understood as the edge stream flow at the control point to begin a special flood management using upstream dams. It is expected to be higher than the annual mean average Q yr_mean . This study proposes to calculate Q thre by averaging all hourly discharge values Q i that exceed the annual mean stream flow. In this way, the flood peaks due to heavy rainfall are targeted
where n = number of records. The intersection of the simulated discharge and the threshold defines two stages as seen at right side of Fig. 1 . The gap volume during Stage I is expected to be reduced by releasing water from the upper dams. While during Stage II, the opposite, simulated flood peak is expected to be reduced by the partial or total gates' closure. The dam release is proposed as a linear function of the inflow similarly as Hanasaki et al. ͑2006͒ proposed in the yearly basis balance applications. However, here, the proportionality coefficient is the decision variable index dam
The number of decision variables is defined by the number of dams considered. At each SCE iteration loop, the objective function z is calculated and the best performances are considered for next seeding.
Selection of Simulation Model
The GBHM is a physically based hydrological model that simulates hydrological processes using the governing equations of continuity, momentum, and energy in two modules ͑Yang et al.
2002a͒. The computational unit is a geometrically symmetrical hillslope, a rectangular inclined plane with a defined length and unit width ͑Yang et al. 2002b͒. The inclination angle is given by the surface slope, and the bedrock is assumed to be parallel to the surface. First, a hillslope module simulates hydrological processes such as canopy, interception, evapotranspiration, infiltration, surface flow, and subsurface flow, as well as exchanges between the groundwater and the surface water. The vertical plane is divided in several layers including canopy, soil surface, unsaturated zone, and groundwater layer. The actual interception is determined by the precipitation amount and the deficit of canopy water storage. The actual evapotranspiration is calculated as evaporation from canopy water storage, transpiration from root zone, evaporation from surface storage, and evaporation from soil surface. The unsaturated zone is divided in several layers and the subsurface flow is governed by Richards' equation. The surface runoff is generated due to infiltration and saturation excess flowing through the hillslope ͑Yang et al. 2002a͒. Actually, the surface runoff and subsurface flow become the lateral inflow to the river. The equations for the groundwater flow are mass balance and Darcy's law. Second, the River network routes water using the kinematic wave approach which is solved by finite-difference approximation. This simulation sequence is performed at each subbasin and linked by the Pfafstetter scheme ͑Verdin and Verdin 1999͒. The topography obtained from the digital elevation models ͑DEMs͒ defines the flow direction and accumulation pattern of the basin. Moreover, every subbasin is divided into a number of flow intervals. These intervals follow the flow path from outlet to sources. Actually, a flow interval is defined by two contour lines of flow distance from the outlet obtained using a geographical information system ͑GIS͒. The flow interval length can be defined as twice the simulation grid size. The river flow routing module then conducts gathered water from each flow interval from sources to the outlet direction along the main river channel which is lumped within each subbasin. This procedure dramatically reduces the computing time because it is a one-dimensional simulation relying on the geomorphological properties of the basin. See the double framed box in Fig. 1 .
Dam Operation Module
The stream flow within the river network might be altered by the existing dams. Therefore, a dam function is needed. First, the inflow Qin is calculated at upstream flow interval by the GBHM as intake to the dam ͑Yang et al. Saavedra et al. 2006͒ . A simple storage function approach was used to express the change in volume within a time interval ⌬t, as the inflow minus outflow from a dam ͑Ponce 1989͒. Then, the reservoir storage at the current time step V 2 can be obtained as
where the subscript 1 refers to the last time step. Note that the release Q 2 out is assumed constant between Time Steps 1 and 2. Both inflows Q 1,2 in to the reservoir are provided by the GBHM, as in the dashed box of Fig. 1 . The last time step volume V 1 needs to be set as initial condition. Then, using the h-v curve the water level can be calculated. In normal conditions, the release can be calculated using an operational rule curve. However, during heavy rainfall the release needs manual operation. Here, it is a linear function of the inflow and the decision variable is suggested by the SCE. Once the release is defined, the flow is routed downstream by the GBHM.
Selection of Optimization Algorithm
The heuristic algorithm SCE which searches for the global optima developed by Duan et al. ͑1992͒ was chosen. The efficiency and robustness of SCE has been shown by comparing against a variety of methods ͑e.g., Hogue et al. 2000 , Chen et al. 2005 others͒. This is being used widely in calibration of hydrological models, but here the application is in dam operation. First, a sample of points is distributed stochastically over the feasible decision variable space by defining the lower and upper bounds of each variable to be optimized. Every point is meant to represent a member of a population for which only the best fit will be kept. Each individual is characterized by its genetic information, which is a complete set of variable values. By changing the genetic information the population develops toward an optimum fit. To this purpose the initial sample is partitioned into several subsamples, namely, complexes. In each complex, the varying combination of points produces an offspring by the downhill simplex procedure of Nelder and Mead ͑1965͒. The probability of an individual taking part in the reproduction is proportional to its fitness. The former points with lower fitness are replaced by the offspring.
Study Area
The upper Tone River basin, our target area, is located in the northern headwaters of the Tone River basin, in the Kanto region of Japan, as indicated in gray on the left side of Fig. 2 . The Tone River is a very important source of water supply, irrigation, and power generation for the Tokyo Metropolitan area and its surroundings. Therefore, its management is crucial for the region. A delineated basin area of 3,300 km 2 was defined down to the Maebashi discharge gauge as seen in Fig. 2 . The main River channel flows north to south. The elevation varies from 100 m to about 2,500 m and the mean is about 1,020 m. The long-term average precipitation is about 1,500 mm/year. In addition, heavy rainfall events occur from July to October and are commonly associated with typhoons and seasonal front activities. Particularly, typhoons bring the highest heavy rainfall such as the one recorded in the region that took place in September 1947 with 171 mm within 3 days, caused by typhoon Catherine, resulting in catastrophic flooding with 1.6 million people affected. At that event, the flooding area also included the Tokyo metropolitan area since the embankment was broken.
Input Data
First, an aggregated 500-m grid from an original 50-m resolution of the DEM was employed as the computing grid. Second, land use, soil type, and geological maps were prepared for the study area using GIS. A 100-m resolution land use data available for the region was classified into six categories. Among them, forest and grasslands were the most dominant representing 79.3 and 9.5% of the total area, respectively. Thematic maps such as surface terrain slope, topsoil depth, and hillslope length were then derived from the basic data above using GIS ͑Saavedra et al. 2006͒. The observed radar products calibrated with the rain gauge was obtained from the Automated Meteorological Data Acquisition System and was delineated to the study area. The temporal resolution is 1 h at 2.5 km.
Reservoir Characteristics
In upstream of the Iwamoto gauge, there are five multipurpose operating dams, see Fig. 2 . Their main characteristics are summarized in Table 1 . Their storage capabilities vary according to the topography and height of embankment. The reservoirs are operated using their rule curves which are independent among them. During the flood season, the operation becomes manual where the release is decided according to the actual water level of the reservoir, the inflow to the reservoir, and the water use demand ͓Ministry of Construction ͑MOC͒ 1995͔. Moreover, in an extreme event, the reservoir release is determined according to the judgment/experience of the director of the reservoir operation office, considering the state of the reservoir and the downstream flood conditions. The normal operation for each reservoir was simulated already by Yang et al. ͑2004͒ . This study attempts to support the reservoir operation office during extreme events to define the suitable reservoir release after an integrated consideration of the reservoirs, the simulated inflow, and the situation downstream.
Hydrological Model Calibration
Model parameters were calibrated by minimizing the difference between observed and simulated discharges at gauges. The rootmean-square error ͑RMSE͒ was chosen to focus in the peaks of the hydrographs. In decreasing order of sensitivity: the saturated hydraulic conductivity, volumetric soil moisture, soil anisotropic, and maximum surface storage were calibrated for each soil and land use type.
Results and Discussion
The objective of this application was to examine the effectiveness of the coupled GBHM-SCE system in optimal dam operation dur- The operation of Sonohara and Fujiwara dams was chosen to be optimized with a typical 24-h operation horizon. These two dams are located within the main streams ͑see Fig. 2͒ and their large drainage areas ͑see Table 1͒ play a key role for flood control in the upper Tone River. The objective function was set at Iwamoto gauge. Using hourly observed stream flow from 2000 to 2005 the threshold discharge was found to be at 200 m 3 / s. The upper boundary of the decision variables for Sonohara and Fujiwara dams were 50 and 80, respectively, according to the maximum recorded ratios of release to inflow. The lower boundary for both was 0, and the initial condition was 1. The flood peak surpassing the threshold was identified at noon time of the 21st. In order to separate both stages of the flood control as seen in Fig. 1 , one decision variable per stage, per dam was used. Then, four decision variables were used to start the system. The optimized decision values were obtained after the system tried different combinations seeded by the SCE ͑Table 2͒. The very first 12 h, the release is encouraged with high ratio magnitudes. Afterward, they tend to be at 0 according to the simulated inflow. The flood peak of August 21-23, 2001 was reduced successfully at the Iwamoto gauge, as seen in Fig. 3͑b͒ , by 21% compared to the simulated without optimization. The objective function Z was reduced by 41% for the first optimization horizon. This was possible due to the release of water at Stage I and storage of water at Stage II. The Fujiwara dam operated following the optimized release during the entire flood event. Actually, the Fujiwara reservoir could have controlled larger intensities of rainfall due to its storage capacity. On the other hand, the capacity of the Sonohara dam showed a limitation for flood control due to larger drainage area and low storage capacity. Therefore, this dam operated as free overflow at 3 p.m. on August 22, as seen in Fig. 4͑b͒ . At the end, the simulated water level of both reservoirs was higher than the observed ones, which show the availability for future hydropower generation and water uses. The initial condition of the decision variables was set to one which allowed the first scenario analysis without dam effect. From there, it is expected to reduce Z. If the decision variables are greater than 1, a higher release than inflow discharge was evaluated. If the values are between 0 and 1, a lower release than inflow is analyzed.
This event was considered as a flood warning by the reservoir operation office. Actually, a special operation was performed by Fujiwara dam to reduce the flood peak downstream, as seen in the fluctuation of the observed water level in Fig. 4͑a͒ . On the other hand, the simulated dam operation increased the release discharge and kept the gates almost closed during the peak. This procedure enabled higher flood reduction at the control point and higher water replenishment. Then, the system could have assisted the reservoir operation office to improve the flood management during special events that require downstream consideration and integrated reservoir operation. The distributed hydrological model provides the analysis at the inlets to the reservoir, The execution time of 100 iterations lasted about 60 min in a personal computer with a Pentium IV 1.3-GHz processor which could be even reduced using parallel processors. This shows the implementation feasibility in real-time operation.
Conclusions
From the above application it can be concluded that the new dam operation scheme, coupling a distributed hydrological model with an optimization algorithm, using a threshold discharge can be applied to other small river basins with humid climate and moderate vegetation, with operating gated dams. During extreme events, the system could support the reservoir operation office to define the integrated reservoir release. The objective function could consider more than one control point. Actually, it could be set at discharge gauges downstream form each dam to assure the flood peak reduction. Then, the terms from the control point could be integrated using weights according to priority in flood control. For example, Murakami gauge could be added as a control point with the operation of Yamba, nowadays under construction. Then, the flood reduction could be evaluated at the Maebashi station.
The threshold discharge defined at the protecting point was selected using the average river discharge during the rainy season.
